Processes with high energy assistance, such as ultrasonic vibration or local heating, and automatic assembly system in a progressive die were developed for micro metal forming in order to improve process accuracy of micro product due to some size effects in this study. Furthermore, application of textured diamond liked carbon (DLC) coating on die surface was attempted to improve the tribological performance for dry micro forming operations.
Introduction
Metal forming in sub-millimetre or micrometer scales becomes a key technology for the audio-video or information technological devices due to miniaturisation of structure parts. Furthermore, fabrication of micro devices, such as bio-micro electrical mechanical systems (MEMS) or micro equipment for medical application based on metal forming has been attended attractive due to metals have the properties of ductility, conductivity and bio-compatibility (Geigerl et al., 2001; Engel and Eckstein, 2002) . However, many issues, such as accuracy of machinery, variation in properties of thin materials, fabrication of tools/dies, assembly of micro components, still exit in metal forming in micro and meso scales. As the size is scaling down, the processes in micro scale are usually unpredictable because of occurrence of the size effects (Vollertsen et al., 2009) . Researches on formability, flow resistance of thin foil materials in micro and meso scales were performed previously. In micro upsetting tests by keeping same grain size of the material, the flow stress was found to decrease with decreasing specimen size (Kals and Eckstein, 2000) . The same phenomenon was observed in the geometrically tensile tests of micro sheet forming (Suzuki et al., 2009) , which can be explained by the surface layer model. Not only the flow stress, but also accuracy of the products is influenced by size effects. Springback properties of thin foils in various thickness and grain sizes change due to its size effect Li et al., 2010 Li et al., , 2011 Aoyama et al., 2014) . Control of surface roughness of workpiece during the process also becomes an important issue in micro scale (Yang, 2004) . It is important to develop processes to improve formability and to control accuracy by taking the size effect into accounts.
The authors have been working on a novel micro metal forming technology in which micro parts or units are fabricated by micro press forming and automatic assembly processes in a progressive die. We attempt to develop several processes by taking accounts of the size effects of material in this study. A high-energy assisted micro forming system, which combines heating and vibration to improve formability of the material and accuracy of products by using servo-press system with a resistance heating system and vibration system embedded in the dies, was developed. Furthermore, a textured diamond liked carbon (DLC) coating system was applied to micro forming die in order to improve tribological properties in the processes. Micro deep drawing and micro forging was carried out to evaluate the performance of the high-energy assistance and effect on formability of the material and accuracy of the products.
Novel processes and technologies for micro forming
A desktop servo-press machine with progressive dies was developed by the authors (Yang, 2004) . Figure 1 shows a photo image of the press machine with a progressive die and Table 1 shows the specification of the machine. By down-sizing the machine, motions of press with higher stiffness and higher frequency are achieved, and by using servo motor either simple crank motion or complicated motions, such as step motion, vibration motion and so on, are available and the motion can be arbitrarily controllable by the controller. In the case of vibration motion, frequency of the vibration motion can reach to 200Hz. The progressive die can form thin foils from multi directions step by step and assemble them into a unit parts automatically (Yang et al., 2010) . Furthermore, dies with a resistance heating system and a vibration system with high frequencies embedded in it were developed for high-energy assisted processes, which will be appeared in following sections. 
Localised heating assisted forming
The desktop servo-press system with a resistance heating system embedded dies was shown in Figure 2 . The heat assisted micro forming system with resistance heating was designed to satisfy low energy consumption and high forming accuracy by heating only the workpiece material and limiting the heat transferring to tools (Tanabe and Yang, 2011) . In upper die, there are a punch and a blank holder. Two contact probes as electrodes are inserted in blank holder as shown Figure 2 (b). There are springs inside of the contact probes to keep contact of probes to workpiece and keep heating during the forming process. In lower die, die is allocated at the centre and two guide pins is for positioning the blank (workpieces). The blank was cut off the flange of forming area for charging electrical current preferentially in order to heat only the forming area to high temperatures. Non-conductive ceramics were used for the punch, the die and the blank holder, to prevent from heating loss and electrical leak. A load cell was allocated above the punch and a radiation thermometer under the die in the equipment. Temperature was controlled real-time by the same controller. Heating energy is estimated from ratio of mass between the workpiece and the tools. Deep drawing test of micro cylinder cup of 1mm in diameter was performed. Pure Ti foil of 20 µm thickness was utilised as workpiece. The dimensions and properties of material and tools are shown in Table 2 . Since the recrystallisation temperature of titanium is about 450°C, the temperature was raised to 600°C in maximum in order to verify influence of the recrystallisation characteristics on deformation behaviour and drawing limit. Figure 3 shows results on relation between the temperatures and the energy at each contact conditions. It is shown that the temperatures could be controlled for conditions of non-contact and contact with punch. Because of down-sizing in dimensions of workpeice the targeted temperatures could be achieved in a few seconds and the consumed energies were limited to a small amount. Figure 4 shows experimental results on relation between the drawing limit and temperature. Height of the drawn cup increased from 0.2 mm to 0.55 mm with increase in the temperature. In order to verify influence of heating effect on homogeneity of the deformation, micro cup drawn to same height for various temperatures was performed and surface of the drawn cup was observed microscopically. Figure 5 shows microscopic observation of surface of the drawn cup for different temperatures. It is seen that slip lines were observed for conditions of room temperature and 300°C, but not for 500°C. It is known that Ti has few slip system for plastic deformation in room temperature, and the slip system could increase according to temperature rising, especially in the temperature higher than the recrystallisation temperature. Furthermore, since thin foil material in polycrystalline has a few numbers of the grain in direction of the thickness the deformation tends to become uneven due to different orientation of each grain. For heating assisted forming the deformation becomes much homogenous regarding to increase of temperature. As a result, the surface of drawn cup for higher temperature is much smoother than that for room temperature. The experimental result shows that the micro deep drawing assisted with heating is effective in improving in ductility and homogeneity, and in improvement in drawn limit and in reduction of surface roughness of drawn cup (Zheng et al., 2015) . 
Ultrasonic vibration assisted micro forming
In order to investigate influence of vibration frequency on deformation behaviour of thin foils, vibration with different frequency was applied to improve surface roughness (Bai et al., 2012) . Figure 6 shows the vibration assisted micro forming equipment with ultrasonic vibrator. The system consists of an ultrasonic generator (USG-30) with a horn and a load cell. In this case, a 100 kHz ultrasonic generator was used to accomplish the requirement of miniaturisation with high energy density. The specification of ultrasonic generator is listed in Table 3 . For lower frequency (0-5 kHz) vibration, a PZT actuator was used to oscillate the punch. Material of the punch is tungsten-carbide (WC), with a diameter of 1.0 mm. Roughness Ra is 6 nm. Phosphor bronze C5191 with thickness of 0.1 mm was used as workpiece. The material properties are show in Table 4 . Experiments were carried out by using these two systems with various conditions. Variables are vibration frequency, amplitude, static punch load applied on the workpiece before vibration. Influence of the parameters on the surface roughness reduction was investigated. For each conditions, five samples were prepared and five points randomly selected from one sample were observed using AFM. 
(b) Figure 7 shows scanned topography of the phosphor bronze C5191 foil surface before and after vibration assisted micro forming process. Surface roughness Ra was reduced from 102 nm to 21 nm. In this case, static punch load was 305.7 MPa and vibration frequency and amplitude were 1 kHz and 4.7 µm, respectively. It is found the surface asperities are deformed to very smooth with almost no asperity remained, and as a result, the surface roughness became much lower. What should be noticed is that the nominal static stress applied on the surface was far smaller than the yield stress of phosphor bronze C5191. This indicates that the presence of vibration induced plastic deformation of the surface material significantly. Different vibration amplitudes give different strain on the thickness direction. As a result, the deformation of asperity and surface finishing results will be different. Figure 8 shows the surface reduction obtained at different amplitudes and without ultrasonic vibration. It is found that reduction of the roughness increases with increase of the amplitude for both frequencies. Three different effects work during the vibration assisted forming process: friction reduction between the tools and workpiece due to varied contact, impact force while the departed punch retouches the workpiece with high acceleration, material softening due to high frequent vibration. In this case, vibration with high frequency accompanied material softening effect and as a result, the reduction ratio was higher than that with the low frequency for similar amplitude by comparing Figures 8(a) and (b) for amplitude smaller than 2.0 µm. Furthermore, the reduction ratio jumped up higher for the amplitude larger than 2.5 µm [Figure 8(b) ]. It is because that while the amplitude became larger than 2.5 µm, the punch departs from contact and retouches the workpiece within one vibration cycle, and as a result, an impact force added on the surface of workpiece (Bai and Yang, 2013) . The surface could also be found getting smoother with higher initial static stress. The relation between roughness reduction ratio ΔRa and initial static stress is shown in Figure 9 . When ultrasonic is applied, the Ra reduction has sizeable improvement compared with that of without ultrasonic. It should be noticed that influence of the static stress seems to be higher than that of vibration amplitude. This is because in case of low frequency, the main mechanism of surface smoothening is impact effect, and increase amplitude could enlarge impact effectively. But in case of ultrasonic vibration, the impact could be ignored. The main surface finishing mechanism is material softening caused by ultrasonic rather than the impact.
Surface coating for micro die with texted DLC
Depositions were performed in an I-PVD system (NPS-330S from Nanotec Corp.) with a usable coating area of 150 mm × 150 mm. In this system, direct current ion source, composed with a tantalum (Ta) filament and anode electrodes, was installed to ionise benzene gas (C 6 H 6 ) for the DLC deposition as shown in Figure 10 ( Fujimoto et al., 2006) . As a material generally used for micro forming dies, sintered tungsten carbide-cobalt (WC-Co) alloy, JIS: V20, with a size of 14 mm × 14 mm and a thickness of 5 mm were used as substrates. Prior to the deposition, the WC-Co substrates were mirror polished and ultrasonically cleaned in acetone. Starting with a base pressure of < 5 × 10 -3 Pa, Argon (Ar) gas of 10 sccm was introduced to initiate the Ar plasma to remove contaminated layer on the substrates. Pretreatment was performed under a DC voltage of -1.5 kV for 30 min. Subsequently, the DLC deposition was carried out in the benzene atmosphere at 200°C. The benzene flow rate was set to 1.5 sccm to maintain a total pressure of 2.6 × 10 -1 Pa. Throughout the deposition, Substrate bias voltage was maintained at -1 kV. Conditions of whole process above were summarised in Table 5 ( Shimizu et al., 2014) . To fabricate micro-textured structure, metallic mesh was placed on the substrate as a masking plate during the DLC deposition. Stainless steel wire mesh with wire diameter of 30 µm was used. To compare effect of structure size of micro-texture, wire mesh with different grid interval of 80 and 40 µm was chosen. Figure 11 shows an image of the deposition of textured DLC using a metallic mask. A Raman spectrum of the obtained DLC film is shown in Figure 12 . A typical DLC spectrum consisted with a broad peak at approximately 1,550 cm -1 , which is fitted with two peaks of G-and D-band, was successfully obtained (Tamor and Vasesell, 1994) . Additional measurements of nano-indentation tests revealed that the Young's modulus and the nano-indentation hardness of obtained DLC films were 287.3 ± 9.5 GPa and 27.8 ± 1.1 GPa, respectively. Figure 13 shows evolution of coefficient of friction (COF) during the 100,000 times rotations of ball-on-disk type friction tests for non-textured and micro-textured DLC films. High COF with relatively large deviation is shown for the non-textured films. Particularly, after the 40,000 laps, deviation of the COF becomes larger and it exceeds µ = 0.25. While for the textured DLC films, variation of the COF is small and a stable evolution is observed both for 80 and 40 µm textured films. Additionally, relatively low COF value is indicated for textured condition, which shows µ = 0.05 -0.08 for textured-80 µm, and µ = 0.01 -0.06 for textured -40 µm. 
Source: Shimizu et al. (2014) To investigate cause of this difference in friction properties, the wear tracks of DLC films and the counterparts of SUJ2 balls are observed, as shown in Figure 14 . The largest width of the wear track is shown for the non-textured DLC films, whereas the textured-80 µm films indicate the smallest. Corresponding to this result, the largest diameter of worn area of the SUJ2 ball is observed for non-textured condition. Furthermore, accumulation of the worn material is observed at the backward side from the direction of sliding. Since a large amount of oxygen (O) and iron (Fe) contents was detected by the local analysis by EDX, this accumulated material appears to be aggregate of iron oxides. During the dry sliding friction, newly formed surface and wear debris from the SUJ2 balls rapidly reacts with oxygen atmosphere and it builds the iron oxide. And these hard and brittle particles drop from the surface and plow the contacting pair or itself, which is well known as oxidative wear (Quinn et al., 1980) . The repetition of trap and drop-off of these oxides particles at the contact surface strongly affects deviation and stability of the friction properties (Suh and Sin, 1981) . In fact, as observed in Figure 14 (d), the size of this oxides accumulation for non-textured surface shows extremely large diameter of 299 µm, while that for the textured surface is almost the same size with the worn area at the centre. Consequently, the high COF and relatively large deviation of the non-textured surface is strongly attributed to the trap and drop-off behaviour of oxidative wear debris from the SUJ2 steel balls. In other words, textured structure appears to promote the ejection of these wear debris, so that it can suppress the plowing by these hard and brittle oxides particles.
Conclusions
A system consisting of a desktop servo-press system, which can supply various motions including step-motion, vibration motion and so on, and a resistance heating system embedded dies which is capable of limiting heat almost only on workpiece material was developed for micro forming of thin metallic foils. The processes assisted with localised heating and vibrations were applied to the micro forming to improve the formability and accuracy of micro metal parts. Furthermore, textured DLC coated die shows lower friction coefficients and has high potential to solve tribological problems in micro forming processes.
